Herein, we propose rapid and simple spectroscopic methods to determine the chemical composition of propolis derived from various Populus species using a metabolomics approach. In order to correlate variability in Populus type propolis composition with the altitude of its collection, NMR, IR, and UV spectroscopy followed by OPLS was conducted. The botanical origin of propolis was established by comparing propolis spectral data to those of buds of various Populus species. An O2PLS method was utilized to integrate two blocks of data. According to OPLS and O2PLS, the major compounds in propolis samples, collected from temperate continental climate above 500 m, were phenolic glycerides originating from P. tremula buds. Flavonoids were predominant in propolis samples collected below 400 m, originating from P. nigra and P. x euramericana buds. Samples collected at 400-500 m were of mixed origin, with variable amounts of all detected metabolites.
Introduction
Propolis is produced by honey bees as a result of mixing wax and botanical material, such as buds, saps, and plant resins. For bees, propolis has a protective role: it seals small holes and cracks in the hive, which helps with defense against microorganisms, insects, and adverse weather conditions. It has been used in traditional medicine since ancient times. Its antimicrobial, antiviral, antioxidant, anti-inflammatory, anti-ulcer, immunostimulating, and antitumor properties are well-documented [1] . Nowadays, propolis is still in use in folk medicine, as it was the case in the last centuries. Moreover, it is now used as a natural food additive, as a functional foods ingredient, and as a constituent of natural cosmetics [2, 3] .
As the botanical sources of propolis collection strongly depend on specific geographical location and climate, there is great variation in its chemical composition [4] . Buds of Populus species are the main source of propolis in temperate climates, including in Europe, North America, Asia, South America, and New Zealand [2, 5] . There are two main types of propolis from Populus species, varying considerably in chemical composition. The most widespread and other studies, the authors used 1 H NMR [27] and UV-vis spectroscopy [29] for propolis classification associated with seasonal variations and different regions of Brazil. NIR spectroscopy has been applied for geographical origin discrimination and flavonoid content determination of propolis from different regions of China [30] . Simultaneous recognition of flavonoids and free phenolic acids, characteristic for the black poplar type of propolis, has been accomplished by 1 H NMR [31, 32] . HPLC-PDA, HPLC-MS, and 1 H NMR have been used to distinguish between the brown, red, and yellow Cuban varieties of propolis [33] . According to the HPTLC fingerprint technique, authors recently detected the presence of two main types of poplar propolis, called "orange" and "blue" [34] [35] [36] [37] [38] [39] . By TLC-MS analysis, "orange" type propolis appeared to be similar to those of black poplar, while the "blue" type showed a similar profile to aspen [4] . Herein, we propose rapid and simple methods for the determination of propolis chemical composition derived from various Populus species using a metabolomics approach. For this purpose, NMR, IR, and UV spectroscopic methods have been utilized. The spectral data have been subjected to multivariate analysis to reveal major botanical origins and to correlate propolis composition to the altitude of its collection. 
Materials and methods

Chemicals and samples
HPLC-grade methanol was obtained from Merck (Germany), and ultrapure water was obtained from a Milli-Q water system (Darmstadt, Germany). Dimethyl sulfoxide-d 6 was purchased from Sigma-Aldrich (St. Louis, MO, USA). This study is comprised of 59 propolis samples collected from February 2008 to October 2014, from 48 different hives located in Serbia, Bosnia and Herzegovina, and Bulgaria. The locations varied in elevation from 100 to 1000 m with temperate continental climate ( Table 1 ). The buds of Populus tremula, P. nigra, and P. x euramericana were provided by the Institute of Lowland Forestry and Environment (Novi Sad, Serbia).
Preparation of extracts
Propolis samples (0.5 g) were cooled to −18 • C, ground by mortar and pestle, and then extracted with 5 mL of methanol for 24 h in the dark. The samples were then cooled to −18 • C for 1 h, and immediately filtered by a precooled funnel. The filtrates were then evaporated to dryness using a stream of nitrogen gas. The extracts were stored at −18 • C until analysis. For the NMR measurements, 20 mg of the propolis extract was dissolved in 500 L of dimethyl sulfoxide-d 6 . Whole buds of Populus species (0.5 g) were extracted with 800 L of dimethyl sulfoxide-d 6 , using an ultrasonic bath for 5 min. The buds were then removed, and the extract was used for NMR measurements. For the UV-vis measurements, 3 L of the solution obtained for NMR spectroscopy was diluted with 3 mL of methanol. The baseline for UV-vis spectra, recorded from the solution, contained 3 L of dimethyl sulfoxide-d 6 and 3 mL of methanol. The freeze-dried dimethyl sulfoxide-d 6 extracts were used for the FT-IR measurements.
General experimental procedures
NMR spectra were acquired on a Bruker Avance III 500 MHz instrument (Karlsruhe, Germany) with a 5 mm BBO probe, using standard pulse sequences. Dimethyl sulfoxide-d 6 was used as a solvent at a temperature of 289 K. The spectra were referenced to the residual solvent signal (␦H 2.50, ␦C 39.51). Chemical shifts are given in ␦ (ppm), and coupling constants are reported in Hz. For the 1 H NMR spectra, 32k data points were collected, using a "zg30" pulse program with 128 scans, a spectral width of 8013 Hz, and a relaxation delay of 2 s. 2D J-resolved NMR spectra were acquired using 16 scans per 64 increments of F1 and 8k for F2.
IR spectra were recorded on a Thermo Scientific Nicolet 6700 FT-IR spectrometer, using the attenuated total reflectance (ATR) technique from the Smart accessory with diamond crystal (Smart Orbit, Thermo Scientific, Madison, WI, USA). Spectral data were collected in the mid-IR range (1800-600 cm −1 ) with 64 scans and 2 cm −1 resolution. A background spectrum (32 scans) was recorded before every sample spectrum.
UV-vis spectra were recorded using a GBC Cintra 40 UV/VIS spectrometer (Dandenong, Australia) in a range of 250-500 nm.
Data processing
1D and 2D NMR spectra were processed using TopSpin software version 3.2 (Bruker Biospin, Germany). The 1 H NMR spectra were manually phased and baseline corrected. The J-resolved spectra were tilted by 45 • and symmetrized along F1. 1 H NMR spectra and 1D projections of 2D J-resolved spectra were binned using MestReNova software version 6.0.2 (Mestrelab Research, Santiago de Compostela, Spain). The spectra were reduced to integrated regions of equal width (0.04 ppm) corresponding to the region of ı 2.54-13.50, and exported to ASCII files.
IR spectra were baseline corrected and smoothed using OMNIC software (version 7.0, Thermo Scientific, USA), and exported to SPC files.
UV spectra were exported to DX files without processing. Orthogonal partial least squares to latent structures (OPLS) and two-way orthogonal partial least squares (O2PLS) methods were performed with SIMCA software (version 14, Umetrics, Umeå, Sweden). Spectral data were normalized to total area, mean centered, and scaled to unit variance. In addition, the second derivative was applied for IR spectral data. For the 1 H NMR spectra and 1D projections of the 2D J-resolved spectra, the regions of ı 3.14-3.22 and ı 3.86-4.47 were excluded from the analysis because of the residual signal of methanol and water, respectively.
Spectral deconvolution was performed with OMNIC software version 7.0 (Thermo Scientific, USA). The whole spectral range (1800-600 cm −1 ) was fitted using the Voigt function.
Results and discussion
Identification of the chemical compounds
For all the propolis samples, NMR, IR, and UV spectra were collected. Among the spectroscopic methods selected, 1D and 2D NMR techniques were the most powerful tool for elucidating the structure of propolis constituents. By visual inspection of 1 H NMR spectra, considerable differences have emerged between samples collected from different locations. The representative 1 H NMR, IR, and UV spectra of propolis originated from high (above 500 m) and low (below 400 m) in altitude are shown in Fig. 1 .
1 H NMR resonances were assigned to compounds by comparing the resonances with our in-house NMR spectroscopic database of phenolic compounds. Extensive analysis of 2D methods, including COSY, NOESY, TOCSY, HSQC, HMBC, and J-resolved (JRES) spectra allowed overlapping regions to be resolved in 1 H NMR spectra. The characteristic positions of 2D correlations were also compared with those from our database of pure compounds. 1 H NMR chemical shifts, multiplicity of the signals, and coupling constants were extracted from JRES spectra. NMR assignments were also confirmed by comparing the data with relevant information from the literature [31, 32] . A total of 23 metabolites, including flavonoids, free phenolic acids, phenolic esters, and glycerides were identified, and the data are listed in Table 2 .
Additionally, the main compounds in propolis samples were also detected by IR spectra. In order to distinguish between overlapping bands in the IR spectra of propolis and pure components, spectral deconvolution was applied. Characteristic bands were extracted from the IR spectra after deconvolution, and wavenumbers were then compared to those of pure compounds (see supplementary material). In this way, all characteristic bands present in the IR spectra of pure compounds were also found in the IR spectra of propolis samples (Table 3) . Vibrational band assignments in the IR spectra were based on data from the literature [40] [41] [42] . The bands at 1760-1650 cm −1 were attributed to the stretching vibrations of the ester and flavonoid carbonyl groups, and those from 1650 to 1460 cm −1 were attributed to double bond and aromatic ring stretching vibrations. The numerous bands attributed to aromatic, C H, and O H in-plane deformation vibrations were found from 1460 to 1020 cm −1 . The strong bands at 1280 and 1160 cm −1 were attributed to C O stretching vibrations of esters and phenols, respectively.
The UV spectra of propolis samples showed characteristic absorption bends, corresponding to superposition of UV spectra of the flavonoid constituents (mainly chrysin, galangin, pinocem- brine, and pinobanksin 3-O-acetate), as well as phenolic glycerides and phenylpropanoid derivatives.
Changes of chemical composition of propolis in relation to the altitude of sample collection
To follow the variability in propolis sample composition in relation to the altitude of its collection, qualitative and quantitative measurements of all metabolites are needed. This approach is well-known in plant and human metabolomics studies, where 1 H NMR spectroscopy, in combination with multivariate analysis, is the method of choice. Despite having low sensitivity, NMR has an advantage over chromatographic methods, since the areas of 1 H NMR signals are proportional to the molar concentration of an analyte. Thus, the direct comparison of their concentrations is possible, instead of using calibration curves for each individual compound [43] .
According to our NMR analysis, the chemical composition of propolis is rather complex, containing a variety of closely related structures with similar NMR features. Consequently, severe spectral overlaps appeared in 1 H NMR spectra, which led to difficulties in finding discriminating compounds after multivariate analysis.
The spectral overlap could be overcome by applying 2D NMR methods, but most of them suffer from long acquisition times. Nevertheless, besides 1 H NMR, we also acquired 2D JRES NMR spectra of the propolis samples. For the purpose of multivariate analysis, the projections of the tilted and symmetrized JRES spectra were used (pJRES). The result of this procedure was that pJRES appeared like a homonuclear, broadband decoupled 1D spectrum. Unlike an ordinary 1D spectrum, each proton appeared as a single peak, regardless of the multiplicity of the original signal [44] . Moreover, the broad signals in 1 H NMR spectra arising from exchangeable protons were absent in pJRES, resulting in flat baselines. Such simplified and baseline flattened pJRES spectra were therefore more appropriate for further multivariate analysis (Fig. 2) .
Orthogonal partial least squares to latent structures (OPLS) analysis was applied to correlate the spectral data (X variables) with the altitude of propolis collection (Y variables). The use of an orthogonal model separates the systematic variation in X into two parts: one linearly related to Y and one orthogonal to Y, which facilitates model interpretation [45] .
According to the score plots of 1 H NMR and pJRES models, propolis samples collected at lower altitudes were clearly separated from those from higher altitudes (Fig. 3) . The OPLS models were validated Table 3 The wavenumbers (cm −1 ) of bands extracted after deconvolution from the IR spectra of propolis originating from high (A) and low (B) altitude, and corresponding pure compounds. 1380  1375  1374  1375  1356  1355  1321  1327  1325  1326  1311  1309  1311  1310  1318  1312  1315  1300  1299  1281  1283  1280  1282  1282  1286  1277  1276  1275  1270  1271  1270  1259  1257  1260  1237  1237  1239  1232  1207  1203  1203  1208  1204  1207  1200  1197  1161  1164  1168  1165  1158  1159  1158  1149  1103  1107  1103  1115  1116  1122  1123  1125  1100  1103  1097  1099  1103  1095  1081  1087  1088  1077  1077  1070  1069  1034  1034  1031  1026  1024  1027  1028  1023  1025  1028  995  999  995  996  997  994  998  981  979  980  982  970  973  914  908  909  878  882  874  881  817  821  826  823  760  767  768  755  763  773  768  756  755  722  724  714  710  713  698  699  697  698  702  696  701  679  674  641  640  642  636   Table 4 Overview of OPLS models. by a permutation test (n = 200), and by cross validation-analysis of variance (CV-ANOVA). The goodness of fit of the models was described by R 2 (i.e., the fraction of Y variables explained by the model after cross validation), while Q 2 gave their predictive ability ( Table 4 ). The high R 2 and Q 2 values revealed that NMR spectral data were related to the altitude of propolis collection. The pJRES model recorded higher R 2 and Q 2 values than the corresponding values obtained from 1 H NMR, which confirms that pJRES modeling is superior when overcoming severe spectral overlap. According to CV-ANOVA, both NMR-based OPLS models were significant with p < 0.05. This is in accordance with the results of the permutation test, where the regressions of Q 2 lines intersected the vertical axis below zero, and all the Q 2 and R 2 values of permuted Y vectors were lower than original ones. For the abovementioned reasons, pJRES was advantageous over 1 H NMR spectra; thus, the pJRES OPLS model was used to interpret the variables responsible for the differences in propolis samples collected at various altitudes. Model interpretation was based on VIP scores of the predictive components (VIPpred) [46] . Variables with VIPpred scores above 1 were considered to be impor- Table 5 Overview of O2PLS models. O-acetate, 1,3-di-p-coumaryl-2-acetyl-glycerol, 1,3 -diferulyl-2-acetyl-glycerol, benzyl p-coumarate, and coniferyl benzoate. The S-line plot was used for enhanced visualization of predictive loading, which is presented in a form similar to the original spectra (Fig. 3) [47] . According to the loading plot, the major compounds in propolis samples collected above 500 m were the phenolic glycerides, 1,3-di-p-coumaryl-2-acetyl-glycerol and 1,3-diferulyl-2-acetyl-glycerol, as well as phenylpropanoid derivatives, benzyl p-coumarate and coniferyl benzoate. The flavonoids, chrysin, galangin, pinocembrine, and pinobanksin 3-O-acetate, were dominant in propolis samples collected at low altitudes (below 400 m). In the samples collected at 400-500 m, variable amounts of flavonoids, phenylpropanoid derivatives, and phenolic glycerides were found.
Propolis
OPLS models with high R 2 and Q 2 values have also been obtained with IR and UV spectral data (Table 4) . Corresponding score plots confirmed the correlation of chemical composition of propolis to the altitude where it was collected. The S-line plots of IR-and UV-based OPLS models also revealed the signals of discriminating compounds (Fig. 3) , confirming the dominance of flavonoids in the propolis samples collected below 400 m, and phenolic glycerides and phenylpropanoid derivatives in the samples collected above 500 m.
The 1 H NMR, IR, and UV spectra of two propolis samples, collected at high and low altitudes, as well as the spectra of corresponding pure compounds are presented in the supplementary materials.
If one compares the spectral data of propolis samples obtained with various techniques, UV spectroscopy had limited ability for detailed structure elucidation, but was useful to detect changes on the level of compound classes (flavonoid, phenylpropanoid derivatives, and phenolic glycerides). Nevertheless, UV is cheap, fast, and easy-to-use, capable of differentiating between propolis with different chemical compositions. IR spectroscopy is also a rapid method, practically not needing any sample preparation if ATR is used for data acquisition. IR spectra were more sensitive to fine changes in chemical structure and possessed much more variables than in a UV spectrum of propolis, although the assignment of every band in IR spectra is impossible. However, this is not a limitation for using particular bands as good markers for the presence of characteristic compounds in propolis. NMR spectroscopy is the best choice for metabolite profiling, since the combination of various 2D techniques enabled structural elucidation of the main constituents in propolis extracts.
As stated in the introduction, several papers have dealt with various analytical techniques in combination with multivariate analysis to classify Populus type propolis according to its geographical origin. Composition of propolis samples can vary considerably, even if they are collected at relatively low distance from each other. Thus the knowledge about what geographical factor is decisive for propolis composition is desirable. Herein, we found that the critical geographical factor is the altitude of propolis collection. According to the correlation we found, it is possible to assume the chemical composition of Populus type propolis from the information about the altitude of its collection. This assumption can be easily verified by only running the UV spectrum of the propolis extract. For more detailed information on its chemical composition, IR or 1 H NMR spectroscopy is preferable. This could be of great importance for quality control in companies that produce propolis based preparations.
Determination of the botanical origin of propolis
Since significant differences were found in propolis composition between higher and lower altitudes, we aimed to correlate these differences with the botanical origin of propolis. We have collected and analyzed bud extracts of three of the most widespread Populus species growing in the vicinity of the propolis collection sites. Namely, P. tremula was the dominant Populus species at altitudes higher than 500 m, while P. nigra was found at altitudes less than 400 m. A hybrid species, P. x euramericana, was dominant in the plains (100 m), where it is widely cultivated. In order to establish the botanical origin of propolis, the spectral data of the samples were compared to those of Populus bud extracts. An O2PLS method was utilized to integrate two blocks of data. This method identifies joint variation between two datasets, and systematic variation which is unique to each dataset. For this purpose, 1 H NMR, IR, and UV data were used. JRES spectra of bud extracts were not recorded, because the amounts of samples were too low, and the acquisition would take too long. The X matrix consisted of the spectral data of propolis extracts, and the Y matrix included spectral data of bud extracts.
Using the 1 H NMR data, we obtained an O2PLS model with one predictive component, eight orthogonal in X, and seven orthogonal in Y. According to R 2 X and R 2 Y values, 42.3% of the variance in the 1 H NMR spectral data of the propolis extracts overlapped with 73.5% of the variance in the 1 H NMR spectral data of the bud extracts ( Table 5 ). The O2PLS analysis of IR data gave a model with two predictive components, five orthogonal in X, and two orthogonal in Y. In this model, 60.6% of the variance in the propolis extracts spectral data overlapped with 83% of the variance in the IR spectral data of the bud extracts (Table 5) . Similarly, a UV-based O2PLS model gave one predictive component, six orthogonal in X, and six orthogonal in Y, where 74.1% of the variance in the spectral data of the propolis extracts overlapped with 83.6% of the variance in the UV spectra of the bud extracts.
Models obtained with a high amount of joint information from the X and Y matrix indicated that the botanical origin of propolis collected at altitudes higher than 500 m was predominantly P. tremula buds, while P. nigra and P. x euramericana buds were the source of propolis collected at altitudes below 400 m.
The VIPpred scores greater than 1 in the O2PLS models served to identify the influential variables from joint variation. Thus, the variables assigned to the flavonoids, chrysin, galangin, pinocembrine, and pinobanksin 3-O-acetate, and the phenolic glycerides, 1,3-di-p-coumaryl-2-acetyl-glycerol and 1,3-diferulyl-2-acetylglycerol, were found to be important to identify the botanical origin. The abovementioned flavonoids could be regarded as markers for propolis originating from P. nigra and P. x euramericana buds, while the phenolic glycerides could be markers for propolis originating from P. tremula buds.
Spectral data of bud extracts contained more joint information than propolis extract data. According to VIP scores of the orthogonal components (VIPorth) in the O2PLS NMR model, most of the orthogonal variation in the propolis samples was due to wax residues. This is not surprising, since honeybees collect material from plants and mix it with wax in order to make propolis. Also, a small contribution of plants other than the studied Populus species for propolis production cannot be excluded. The typical 1 H NMR, IR, and UV spectra of high and low altitude propolis, together with corresponding buds of Populus species are shown in Fig. 4 .
To our knowledge, this is the first time that methods of multivariate data analysis and non-separation techniques have been used to correlate the chemical composition of propolis with the chemical composition of corresponding bud exudates, thus revealing botanical origins.
Conclusions
The utilization of various spectroscopic techniques, in combination with sophisticated multivariate analysis methods, was demonstrated to be a powerful tool to correlate propolis composition to altitude of collection and reveal its major botanical origin. OPLS methods were used to identify changes in the chemical composition of propolis, while O2PLS methods enabled the identification of the botanical origin of propolis.
Among the spectroscopic techniques used, UV has been shown to be a cheap, fast, and simple technique, capable of differentiating between propolis of different origins, but lacks the ability for detailed metabolite identification. IR spectroscopy was also a rapid and cost-effective method capable of identifying propolis origin, and offered more structural information on propolis composition than UV spectroscopy. The power of NMR spectroscopic methods in structure elucidation has been demonstrated, proving to be the best option if detailed information on propolis constituents is needed. The most suitable OPLS method for variable interpretation has been achieved using projections of the tilted and symmetrized 2D J-resolved NMR spectra, due to simplification of the spectral lines.
Eight compounds were identified as the most influential in the OPLS pJRES model: the phenolic glycerides, 1,3-di-p-coumaryl-2-acetyl-glycerol and 1,3-diferulyl-2-acetyl-glycerol; the phenylpropanoid derivatives, benzyl p-coumarate and coniferyl benzoate; and the flavonoids, chrysin, galangin, pinocembrine, and pinobanksin 3-O-acetate. According to OPLS and O2PLS, the major compounds in propolis samples collected above 500 m were phenolic glycerides, originating from P. tremula buds, while the flavonoids were predominant in propolis samples collected below 400 m, originating from P. nigra and P. x euramericana buds. The samples collected at 400-500 m were of mixed origin, with variable amounts of all detected metabolites.
